Experimental procedures Materials and experimental procedures
All commercial reagents were purchased from the following companies and used without further purification: NaCl biograde and DIPEA from Carl Roth (Germany) DNA (standard desalting or HPLC purified respectively) from IDT (USA). Water was purified with a Milli-Q Ultra Pure Water Purification System (TKA, Germany).
Nuclear magnetic resonance spectroscopy (NMR)
NMR spectra were recorded at 300 K either on a Bruker AV III HD 300 MHz at a frequency of 300 MHz ( 
Fluorescence measurements
Quenching effect study of PNA on FAM was performed in 0.2 mL non-skirted 96-well PCR plates sealed with adhensive sealing sheets (Thermo Fischer Scientific, USA) in a Mx3000P
QPCR system (Agilent Technologies, USA).
Strand-displacement experiments were assessed in black clear bottom 96 well plates (μclear, Greiner Bio-one, Austria) by recording fluorescence emission at 520 nm in a Spark 20M
platereader (Tecan, Switzerland) at 30 °C as well as 37 °C and 460 nm excitation wavelength.
The measurements were performed with the following settings: integration time: 40 µs; excitation bandwidth: 15 nm; emission bandwidth: 25 nm.
Circular Dichroism
CD measurements were performed on a Jasco J-810 Spectropolarimeter equipped with a Jasco CDF-426S peltier controller and a Thermo Haake WKL 26 water recirculator at 20 °C using a CD cuvette (Hellma Analytics; QS 0.100). The settings were: continuous scanning mode, range from 360-220 nm, speed of 100 nm/min, response of 0.25 s, band width of 2 nm, data pitch of 0.2 nm and 5-10 accumulations per sample with standard sensitivity. The represented measurements were always buffer subtracted.
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Synthesis of photoswitches Synthesis of ortho-fluoroazobenzene-4-carboxylic acid
The synthesis was mainly followed the procedures of Appiah et al. [2] and Knie et al . [3] Figure S1: Synthesis route of photoswitch ortho-fluoroazobenzene-4-carboxylic acid (oF4Azo).
4-Amino-3,5-difluorobenzonitrile:
4-Bromo-2,6-difluoroaniline (5.00 g, 24.0 mmol, 1.00 equiv) and copper(I) cyanide (6.45 g, 72.0 mmol, 3.00 equiv)
were suspended in 50 mL DMF and heated at 120 °C for 24 h. After cooling to room temperature, the mixture was poured into an aqueous solution of ammonia (12%, v%, 250 mL). The mixture was then filtered and the precipitate was washed with EtOAc (500 mL). The organic phases were combined and washed with the ammonia solution (500 mL), distilled water (500 mL), brine (500 mL) and dried over anhydrous MgSO4. Solvents were removed under reduced pressure. The crude was purified by flash column chromatography (CH2Cl2/n-pentane 
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Synthesis of 4-(phenylazo)benzoic acid
The synthesis was followed the procedures of Knie et al. [3] and Meng et al. [4] Figure S2: Synthesis route of photoswitch 4-(phenylazo)benzoic acid (Azo). added dropwise and the resulting mixture was stirred for 16 h at room temperature. The reaction mixture was washed with 1 M aqueous HCl solution (3 × 500 mL) and brine (500 mL).
4-(Phenylazo
The organic layer was dried over anhydrous Na2SO4 and concentrated under reduced pressure.
The residue was suspended in acetone (50 mL) and added into n-pentane (200 mL). The white precipitate was collected and washed with n-pentane (500 mL were dissolved in CH2Cl2 (500 mL). A solution of DIPEA (1.21 mL, 6.93 mmol, 2.00 equiv) in CH2Cl2 (50 mL) was added dropwise and the resulting solution was stirred at room temperature for 2 h. The reaction mixture was washed with 0.1 M aqueous HCl solution (500 mL) and brine (500 mL). The organic layer was dried over anhydrous MgSO4 and concentrated under reduced pressure. The residue was dissolved in a mixture of CH2Cl2 (10 mL) and TFA (10 mL) and stirred at room temperature for 1 h. The solvents were coevaporated with toluene (3 × 100 mL). The residue was dissolved in EtOAc (10 mL) and precipitated in n-hexane (100 mL). 
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Solid-phase synthesis
The peptide nucleic acids (PNAs) were synthesized manually according the procedures of Fmoc-based solid-phase peptide synthesis.
General protocol
The synthesis was performed in a 2 mL polypropylene reactor with plunger and frit (25 μm poresize, Multi Syn Tech GmbH). TentaGel ® S RAM resin (0.19 mmol/g, RAPP Polymere, Germany) was used as solid support. The amounts of reagents of the following synthesis protocol correspond to 1-5 μmol scale.
Swelling:
The resin was swollen in 2 mL DMF for 30 min.
Deprotection of the temporal Fmoc group:
The resin was treated twice with 1 mL piperidine (20% in DMF, v%) for 5 min each and subsequently washed with DMF (5 × 2 mL), CH2Cl2
(5 × 2 mL) and DMF (5 × 2 mL).
Coupling of Fmoc-PNA monomer:
The Fmoc-PNA monomers (4.00 equiv), PyBOP (4.00 equiv) and NMM (8.00 equiv) were dissolved in DMF (0.20 M) and pre-activated for 3 min.
The mixture was added to the resin. After 45 min, the resin was washed with DMF (5 × 2 mL), CH2Cl2 (5 × 2 mL) and DMF (5 × 2 mL).
Coupling of Fmoc-Aeg(Alloc)-COOH:
The Fmoc-Aeg(Alloc)-COOH (4.00 equiv), PyBOP (4.00 equiv) and NMM (8.00 equiv) were dissolved in DMF (0.20 M) and pre-activated for 3 min.
Capping:
The resin was treated with 1 mL of a solution of 2,6-lutidine/Ac2O/DMF (6:5:89, v/v/v) for 5 min. The resin was washed with DMF (5 × 2 mL), CH2Cl2 (5 × 2 mL) and DMF (5 × 2 mL).
After the last coupling, the resin was washed with (5 × 2 mL), CH2Cl2 (5 × 2 mL) and finally dried under reduced pressure.
Alloc-deprotection:
The resin was swollen in 2 mL DMF for 30 min and washed with CH2Cl2 Afterwards the resin was washed with sodium diethyldithiocarbamate (5 × 2 mL, 0.5% in DMF, v/v), CH2Cl2 (5 × 2 mL) and DMF (5 × 2 mL).
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Coupling of photoswitches: After the Alloc-deprotection, the corresponding photoswitch carboxylic acid (4.00 equiv), Oxyma (4.00 equiv) and DIC (4.00 equiv) were dissolved in NMP (0.20 M) and pre-activated for 3 min. The mixture was added to the resin. After 2 h, the resin was washed with DMF (5 × 2 mL), CH2Cl2 (5 × 2 mL) and DMF (5 × 2 mL).
Cleavage:
The dried resin was treated with a solution of TFA/m-cresol/H2O (90:5:5, v/v/v, 0.5 mL for 1 µmol scale and proportionally for bigger scales). After 2 h, the resin was washed with TFA and the combined eluates were added to dry ice-cold Et2O (1 mL of Et2O for each 100 μL of cleavage mixture). Centrifugation at 4 °C yield a precipitate which was with cold Et2O.
The residue was dried under reduced pressure. 
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Ac-Aeg(oF4Azo)-CONH2 (1)
Product ( 
Ac-Aeg(HTI)-CONH2 (2)
Ac-ggcag-Aeg(oF4Azo)-gtttct-CONH2 (3)
Product (120 nmol, 12%) was obtained as a yellow solid. tR = 14.75 min (Gradient II 
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Ac-ggcag-Aeg(HTI)-gtttct-CONH2 (4)
Ac-ggcag-Aeg(Ac)-gtttct-CONH2 (5)
Product (374 nmol, 15%) was obtained as a white solid. tR = 11.26 min (Gradient III 
Ac-K-Aeg(oF4Azo)-gcagtgtttcttgg-K-CONH2 (6)
Product (0.27 μmol, 11%) was obtained as a yellow solid. tR = 14.09 min (Gradient II Figure S10: RP-HPLC chromatogram of purified compound 6, detected at 260 nm.
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Ac-K-gg-Aeg(oF4Azo)-agtgtttcttgg-K-CONH2 (7)
Product (0.30 μmol, 12%) was obtained as a yellow solid. tR = 13.88 min (Gradient II 
Ac-K-ggcagt-Aeg(oF4Azo)-tttcttgg-K-CONH2 (8)
Ac-K-ggcagtgtttcttg-Aeg(oF4Azo)-K-CONH2 (9)
Product (0.20 μmol, 8%) was obtained as a yellow solid. tR = 14.25 min (Gradient II Figure S13: RP-HPLC chromatogram of purified compound 9, detected at 260 nm.
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Ac-K-ggc-Aeg(oF4Azo)-gtgtttc-Aeg(oF4Azo)-tgg-K-CONH2 (10)
Product (0.13 μmol, 5%) was obtained as a yellow solid. 
Ac-K-Aeg(Azo)-gcagtgtttcttgg-K-CONH2 (12)
Product (0.25 μmol, 10%) was obtained as a yellow solid. tR = 13.47 min (Gradient II 
Ac-K-ggcagt-Aeg(Azo)-tttcttgg-K-CONH2 (14)
Product (0.25 μmol, 10%) was obtained as a yellow solid. tR = 13.98 min (Gradient II 
Ac-K-ggcagtgtttcttg-Aeg(Azo)-K-CONH2 (15)
Product (0.16 μmol, 6%) was obtained as a yellow solid. tR = 13.70 min (Gradient II 
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Photoisomerization of photoswitchable PNAs
For the UV-vis characterization studies, solutions of corresponding PNA-photoswitch conjugates were prepared in phosphate buffer (10 mM NaH2PO4, 150 mM NaCl, pH 7.4) with a final concentration of 20 μM, the samples were placed in a 1400 μL quartz cuvette (Hellma Analytics (104F-QS)) with a pathlength of 1 cm. The cuvette was irradiated at the respective wavelengths, placed in the dark at room temperature or incubated in a 37 °C water bath for the indicated times, followed by measuring the absorbance spectra at room temperature. All determinations of each compound were repeated two times independently i.e. from two different stock solutions. For all spectra, the corresponding background signal was subtracted. 
UV-vis characterization of PNA12(oF4Azo) conjugate 3
Isomerization
S23
Reversibility
The reversibility of the isomerization of compound 3 was verified for at least 20 cycles; this conjugate did not show any photodegradation or photochemical fatigue. 
Thermal stability
A 2 μM sample containing 3 in phosphate buffer was irradiated at 405 nm for 2 min to obtain the maximal trans-isomer, the absorbance spectrum was measured once, and again after 24 h.
As shown in Figure S26 , there was no back-isomerization. The sample was irradiated at 520 nm for 5 min to obtain maximal cis-isomer, the absorbance was measured after the irradiation and after the incubation at room temperature as well as at 37 °C for 24 h each. No back-isomerization was observed neither. Further the stability of compound 3 at 90 °C was tested. Samples with concentrations of 20 μM in phosphate buffer were irradiated at 520 nm for 5 min and 405 nm for 2 min, and afterwards heated to 90 °C, the UV-vis spectra were measured to detect any changes. The absorbance of the cis-isomer at 304 nm increased and reached its maxima after 8 h. 
RP-HPLC characterization of oF4Azo conjugates
For the characterization of the photoisomerization of the compounds 1 and 3 via RP-HPLC measurements, a solution of the corresponding compounds with concentration of 20 μM each in phosphate buffer was irradiated for 2 min at 405 nm to obtain the maximum trans-isomer and for 5 min at 520 nm to obtain the maximum cis-isomer. The ratios of photostationary states reached upon irradiation were determined by integration of the peak areas in the RP-HPLC chromatograms at the isosbestic point of oF4Azo (275 nm) with Agilent OpenLab software. 
UV-vis characterization of PNA12(HTI) conjugate 4
Isomerization
The isomerization of HTI could be achieved under the irradiation at 405 nm for the trans-isomer, the cis-isomer could be obtained either upon irradiation at 520 nm or when heated. [7] [8]
A 
Reversibility
The reversibility of PNA12(HTI) (3) switching was analyzed, after 20 cycles. 
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Stability
The cis-isomer of HTI is thermally more stable, the trans-isomer could reconvert at room temperature to the cis-isomer within hours. [9] A 20 µM sample of compound 4 in phosphate buffer was irradiated at 405 nm for 2 min to obtain the maximum trans-isomer, absorbance spectra were measured every 15 min at room temperature on the time scale of 10 hours. As shown in Figure S32 , the significant absorbance at 442 nm of the cis-isomer was increasing with time and reached maximum after 6 h. trans-isomer ratio was followed by incubation in the dark at room temperature, UV-vis spectra were collected every 15 min.
RP-HPLC characterization of HTI conjugates
For the characterization of the photoisomerization of compounds 2 and 4 via RP-HPLC, 20 µM solutions of the corresponding compounds in phosphate buffer were irradiated for 2 min at 405 nm to obtain the maximum trans-isomer, and for 10 min at 520 nm to obtain the maximum cis-isomer. The ratios of photostationary states reached upon irradiation were determined by integration of the peak areas in the RP-HPLC chromatograms at the isosbestic point of HTI (275 nm). Figure S33A shows the RP-HPLC chromatograms with trans/cis-ratios after irradiation of compound 2, tR = 22.70 min accounts for the cis-isomer and 23.08 min for the trans-isomer (Gradient III). Figure 
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UV-vis characterization of PNA15(Azo) conjugate 14
Thermal stability The stability was tested at different temperatures to ensure that no degradation of compound 14 occurrs during the measurements of the melting temperature. 25 μM solutions of the compound 14 in phosphate buffer were first irradiated at 365 nm for 1 h to obtain the maximum cis-form and at 430 nm for 30 min to obtain the maximum trans-form, then the samples were incubated for 10 min at various temperatures from 20 °C to 90 °C, the UV-vis spectra were recorded to detect changes. 
RP-HPLC characterization of PNA15(Azo) conjugate 14
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For the characterization of the photoisomerization of compound 14 via RP-HPLC measurements, 25 μM solutions of the compound 14 in phosphate buffer were irradiated at 365 nm for 1 h to obtain the cis-form or at 430 nm for 30 min to obtain the trans-form. The photostationary states reached upon irradiation were determined by integration of the peak areas in the RP-HPLC chromatogram at the isosbestic wavelength of Azo (275 nm). Figure   S36 shows the RP-HPLC chromatograms of compound 14 with trans/cis-ratios after irradiation, tR = 16.77 min corresponds to the cis-isomer and 17.97 min to the trans-isomer (Gradient I). Where n represents the frequency of occurrence of the bases in the conjugate.
The concentration of photoswitch modified PNAs were determined by applying the following molar extinction coefficients with Lambert-Beer law. All melting curves were measured in phosphate buffer (10 mM NaH2PO4, 150 mM NaCl, pH = 7.4) at a heating rate of 2 °C/min. In order to obtain maximal isomer, the melting temperature PNA(oF4Azo) was measured without pre-hybridization due to the difficult photoisomerization of PNA(oF4Azo)/DNA duplex. As the cis-isomer of PNA(Azo) is not thermally stable, its photoisomerization was performed after the hybridization, Trans-isomers of compounds 12-17 were prepared by using the method described above.
Cis-isomers of compounds 12-17 were prepared by mixing respective PNAs and the complementary DNA (5'-GTG AGC CAA GAA ACA CTG CCT-3'), heating the sample to 90 °C and keeping them at this temperature for 15 min before cooling to room temperature during 3 h. Isomer conversion was achieved by irradiation of the hybridized sample at room temperature at 365 nm for 1 h for Azo (cis). Likewise the UV melting curve was measured from 20 °C to 95 °C at 260 nm in 2 °C/min steps.
All melting temperatures were determined from the first derivative of the absorbance temperature trace using OriginPro 2016 software. All determinations were repeated two times independently i.e. from two different stock solutions. For all data, the corresponding background signal was subtracted, and the melting curves were normalized.
The sequences of all employed PNAs and DNAs are summarized in Table S2 . The absorbance differentials at 260 nm were plotted against temperature and normalized.
Obtained UV melting curves and calculated first derivative curves for the studied compounds 
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Displacement experiment
First, the possible quenching effect of studied PNAs on complementary FAM-ssDNA (15-mer:
5'-FAM-TGG CAG TGT TTC TTG G-3') was scanned at a concentration of 0.75 μM for the FAM-ssDNA in presence of 2 equiv of corresponding PNAs in PBS buffer (140 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 1.8 mM KH2PO4, pH 8.0) and compared with BHQ/FAM-dsDNA.
Fluorescence intensity was measured every 10 min during 8 h at 37 °C. Every different isomer of each compound was measured in triplicate during one measurement and all determinations were performed in independent duplicates, i.e., from two different stock solutions. For all values, the corresponding buffer background signal was subtracted. Table S3 compares isomer differences between those obtained in the melting temperature experiments and fluorescence displacement assays for the PNA probes 6-9. 
CD Experiments
For the characterization of the binding between our probes and DNA the concentrations of the PNAs 9, 18 and 19, compound 1 as well as complementary ssDNA (5'-GTG AGC CAA GAA ACA CTG CCT-3') were determined as described in the UV melting curves section. Solutions of 5 µM compound, ssDNA or 1:1 ratio of PNA and ssDNA in phosphate buffer (10 mM NaH2PO4, 150 mM NaCl, pH 7.4) were prepared in microcentrifuge tubes from 100 mM stocks in phosphate buffer, transferred to a CD cuvette. Isomer conversion was achieved by irradiation of the sample at room temperature at 405 nm for 5 min for trans-or for 10 min at 520 nm for the cis-isomer. Samples were kept in the dark and the measurements were performed in the absence of light. Spectra were buffer subtracted and display the mean out of two independent measurements. The final spectra were smoothed with a fourth order Savitsky-Golay smoothing algorithm [13] using a smoothing window of 25 data points. Figure   S52 shows an example of the dataset for the 1:1 ratio of PNA 18 and complementary DNA before and after smoothing. 
UV-vis Experiments
Further we performed UV-vis measurements of PNAs 9, 18 and 19 in the presence and absence of complementary ssDNA (5'-GTG AGC CAA GAA ACA CTG CCT-3'). Samples were prepared as described for the CD experiments but at 2 µM concentration. Additional prehybridized samples were prepared. For the pre-hybridization samples containing 2 µM of the respective PNA and the complementary ssDNA were heated to 95 °C in a Thermomixer (Eppendorf, Germany) without shaking and kept at this temperature for 15 min before allowing to cool to room temperature during 3 h in the thermoblock. Spectra are buffer subtracted and show the mean out of two independent measurements. Isomer conversion was achieved by irradiation of the sample at room temperature at 520 nm for 10 min for cis or for 5 min at 405 nm for trans. Samples were kept in the dark and the measurements were performed in the absence of light. 
